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AEROSOL GENERATING METHOD AND DEVICE 

This application claims the benefit of prior U.S. provisional application Serial No. 
60/296,225 filed June 5, 2001. 

FIELD OF THE INVENTION 

This invention relates to a method and a device for volatilizing a physiologically 
active compound and administering the volatilized compound in the form of an aerosol to 
a patient. 



An aerosol is defined as an assembly of liquid or solid particles suspended in a 
gaseous medium. (See Aerosol Measurement, Willeke and Baron, Wiley-Interscience 
1993.) It is known that aerosols of appropriate particle size, can be used to deliver drugs 
to organs and tissues such as the lung and mucosa. (See Gonda, L, "Particle Deposition 
in the Human Respiratory Tract," The Lung: Scientific Foundations , 2 nd ed., Crystal, 
West, et al. editors, Lippincott-Raven Publishers, 1997). 

A problem in generating an aerosol is maintaining the purity of a compound being 
administered into the lung, as an aerosol. This is a critical issue that must be addressed 
before inhalation delivery of a compound to humans will be acceptable to regulatory 
agencies, physicians and patients. Any compound administered to humans must meet 
strict purity requirements regulated by government agencies and industry. For example, 
the United States Food and Drug Administration mandates purity requirements for 
pharmaceutical materials sold in the United States to protect the health of consumers of 
those products. Purity requirements are often material specific. Maximum impurity or 
degradant levels are specified at the time of manufacture of compounds as well as at the 
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time of their consumption or administration. Any aerosolization device or process that 
will be utilized for pharmaceutical applications, therefore, must deliver materials meeting 
purity requirements. Mechanisms of chemical degradation that might occur during 
vaporization and aerosolization, the processes relevant to this invention, are discussed 
5 below. 

Currently approved products for inhalation administration of physiologically 
acting compounds can be divided into several categories: dry powder inhalers, 
nebulizers, and pressurized metered dose inhalers. The desired particle size of these 
methods and devices usually are in the fine aerosol region (1-3 micron) and not in the 

10 ultra fine region (10-100 nm). A large percentage of these devices fall short of the type of 
particle size control desirable for reproducible and efficient delivery of compounds to the 
lung. Additionally current devices focus on the fine aerosol region because to date a 
practical device that can reproducibly generate an ultra fine aerosol has not been 
commercially available for drug delivery to the lung. 

15 There are many types of dry powder inhalers (DPI's) on the market with some 

common problems. The first problem is the manufacturing of the dry powder. For a dry 
powder inhalation system it is necessary to mill the drug until it falls into the desirable 
particle range. Some mills used for micronization are known to produce heat, which can 
cause degradation of the drug, and tend to shed metallic particles as contaminants. 

20 Following milling it is often necessary to mix the drug with a carrier to impart 

flowability. The micronized drug and the drug-excipient mix must be maintained in a dry 
atmosphere lest moisture cause agglomeration of the drug into larger particles. 
Additionally it is well known that many dry powders grow as they are delivered to the 
patient's airways due to the high levels of moisture present in the lung. Thus, this 

25 approach requires scrupulous attention during milling, blending, powder flow, filling and 
even administration to assure that the patient receives the. proper particle size distribution. 

Nebulizers generate an aerosol from a liquid, some by breakup of a liquid jet and 
some by ultrasonic vibration of the liquid with or without a nozzle. All liquid aerosol 
devices must overcome the problems associated with formulation of the compound into a 
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stable liquid state. Liquid formulations must be prepared and stored under aseptic or 
sterile conditions since they can harbor microorganisms. This necessitates the use of 
preservatives or unit dose packaging. Additionally solvents, detergents and other agents 
are used to stabilize the drug formulation. The FDA is increasingly concerned about 
5 airway hypersensitivity from these agents. 

Pressurized metered dose inhalers, or pMDFs, are an additional class of aerosol 
dispensing devices. PMDFs package the compound in a canister under pressure with a 
solvent and propellant mixture, usually chlorofluorocarbons (CFC's, which are being 
phased out due to environmental concerns), or hydroflouroalkanes (HFA's). Upon being 

ijjf 10 dispensed a jet of the mixture is ejected through a valve and nozzle and the propellant 

o 

Q "flashes off leaving an aerosol of the compound. With pMDPs particle size is hard to 

control and has poor reproducibility leading to uneven and unpredictable bioavailability. 
^ pMDIs are inefficient because a portion of the dose is lost on the walls of the actuator, 

<y and due to the high speed ejection of the aerosol from the nozzle, much of the drug 

15 impacts ballistically on the tongue, mouth and throat and never gets to the lung. 

Another method suggested in the prior art to generate aerosols is to volatilize the 
jv( drug and administer the vapor to a patient. (See Rosen, PCT Publication No. 94/09842, 

published May 11, 1994.) However, the teaching of Rosen is not a viable solution to the 
problem because it yields (1) a large quantity of degradation products, and (2) too much 
20 variability in particle size distribution (PSD) to insure reproducible and predictable 
bioavailability. 

Predicting the reactions that result in a compound's degradation, and anticipating 
the energies necessary to activate those reactions are typically very difficult. Reactions 
may involve only the parent compound or may involve other chemicals such as oxygen in 
25 air and materials in the surfaces to which the compound may be exposed. Reactions may 
be single step or multiple steps, leading to the potential of many degradation products. 
Activation energies of these reactions depend on molecular structures, energy transfer 
mechanisms, transitory configurations of the reacting molecular complexes, and the 
effects of neighboring molecules. Frequently, on the practical macroscopic scale, a drug 
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dose may suffer from many degradation reactions in progress at the same time. Because 
of this complex potential for degradation, drug substances are often stored at or below 
room temperature. International health authorities recommend that the stability of a drug 
be evaluated under exaggerated (stress) conditions to determine the mechanism of 
degradation and the degradant structures. (See Guidance for Industry: Stability testing of 
drug substances and products; FDA CDER 5/27/98). For these tests, 50°C is recognized 
as a stress temperature. 

The present invention overcomes the foregoing disadvantages and problems, 
making it possible to produce pure aerosols of degradable compounds wherein the 
particle size is stable and selectable. 

SUMMARY OF THE INVENTION 

Embodiments of the present invention are directed to a method and a device for 
generating and delivering an aerosol formed through vaporization of a compound with 
real or potential physiological activity. 

A physiologically active compound with real or potential physiological activity is 
defined here as a chemical compound or mixture of compounds that alters affects, treats, 
cures, prevents or diagnoses a disease after it is administered to the mammalian body. 
The compound with real or potential physiological activity will be referred to hereafter as 
the compound or as the drug. Examples would include medicinal drugs, or "pro-drugs" 
(substances converted into drugs within the body), that would be administered for the 
treatment, cure, or diagnosis of diseases. 

The method of the present invention for generating an aerosol comprises the 

steps: 

(a) heating the physiologically active compound to vaporize at least a portion of 
the compound, and 

(b) mixing the resulting vapor with a gas, in a ratio, to form a desired particle size 
when a stable concentration of particles in the gas is reached. 
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A desired particle size is typically from molecular to about 10 microns in 
diameter. Aerosols having "ultra fine" (0.01 to 0.1 micron) and "fine" (1 to 3 micron) 
particle sizes are known to provide efficient and effective systemic delivery through the 
lung. Current literature suggests that the middle size range of particles, between ultra 
fine and fine, i.e., between 0.1 and 1 micron in size, are too small to settle onto the lung 
wall and too massive to diffuse to the wall in a timely manner. Thus, a significant number 
of such particles are removed from the lung by exhalation, and thus are not involved in 
treating disease (see Gonda). 

The above method creates a mixture of vapor and gas in a ratio and under 
conditions suitable to generate an aerosol of particles of a desired size range for effective 
and efficient administration to a patient. For the purposes of controlling particle size the 
terms "air", "mixing gas", "dilution gas" and "carrier gas" are interchangeable. 

Various alternatives to generate the desired aerosol in accordance with the method 
of the present invention are summarized here: 

1 . Heating to vaporize the compound while simultaneously mixing it with a 
gas in a ratio to permit condensation and aggregation into particles of the desired size. 

2. Heating to vaporize the compound to create a pure vapor to permit 
condensation and aggregation into particles of the desired size. 

3. Heating to vaporize the compound to create a pure vapor, followed by 
introduction of the vapor to a gas in a ratio to permit condensation and aggregation into 
particles of the desired size. 

4. Mixing the aerosols created by the means in 1, 2, or 3 above with 
additional gas to arrest aggregation and stabilize particle size. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Further features and advantages will become apparent from the following 
description of various embodiments of the invention, as illustrated in the accompanying 
drawings in which: 
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FIG. 1 is a schematic diagram of the overall system for conducting experiments 
using a laboratory device of the present invention; 

FIG. 2 is a top, right end and front perspective view of the actual laboratory 
device depicted in FIG. 1 ; 

FIG. 3 is a partial cross-sectional and partial schematic side view of the device 
shown in FIG. 2; 

FIG. 4 is a partial cross-sectional and partial schematic end view of the device 
shown in FIG. 2; 

FIG. 5 is a partial cross-sectional and partial schematic top view of the device 
shown in FIG. 2; 

FIG. 6 is a schematic cross-sectional side view of an alternate embodiment of the 
device of the present invention using an annunciating device; 

FIG. 7 is a top, left end and front perspective views of the removable sub- 
assembly containing the compound and a movable slide of the device shown in FIG. 2 
showing the sub-assembly being mounted within the slide; 

FIG. 8 is a schematic view of the heating element of the embodiment shown in 
FIG. 2 showing the electric drive circuit; 

FIG. 9 is a schematic side view of a second embodiment of the present invention 
using a venturi tube; 

FIG. 10 is a schematic side view of a third embodiment of the present invention 
using a thin-walled tube coated with the compound; 

FIG. 1 1 is a schematic side end view of the embodiment shown in FIG. 10; 

FIG. 12 is a schematic side end view of the embodiment shown in FIG. 10 
showing an inductive heating system generating an alternating magnetic field; 

FIG. 13 is a schematic side view of an alternate embodiment of that shown in 
FIG. 10 using a flow restrictor within the thin- walled tube; 

FIG. 14 is a schematic side view of a fourth embodiment of the present invention 
using an expandable container for the compound; 
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FIG. 15 is a schematic side view of a fifth embodiment of the present invention 
using a container for the compound in an inert atmosphere; 

FIG. 16 is a schematic side view of the embodiment shown in FIG. 15 using a re- 
circulation of the inert atmosphere over the compound's surface; 

FIG. 17 is a schematic side view of a sixth embodiment of the present invention 
using a tube containing particles coated with the compound; 

FIG. 18 is a schematic side view of the embodiment shown in FIG. 17 using a 
heating system to heat the gas passing over the coated particles; 

FIG. 19 is a schematic side view of a seventh embodiment of the present 
invention referred to herein as the "oven device"; 

FIG. 20 is a schematic side view of an eighth embodiment of the present 
invention using gradient heating; 

FIG. 21 is a schematic side view of a ninth embodiment of the present invention 
using a fine mesh screen coated with the compound; 

FIG. 22 is a top, right end and front perspective view of the embodiment shown in 
FIG. 21; 

FIG. 23 is a plot of the rate of aggregation of smaller particles into larger ones; 
FIG. 24 is a plot of the coagulation coefficient (K) versus particle size of the 
compound; 

FIG. 25 is a plot of vapor pressure of various compounds, e.g., diphenyl ether, 
hexadecane, geranyl formate and caproic acid, versus temperature; 

FIG. 26 is a plot of blood levels for both the IV dose and the inhalation dose 
administered to various dogs during the experiments using the system shown in FIG. 1 ; 

FIG. 27 is a plot of calculated and experimental mass median diameter (MMD) 
versus compound mass in the range of 10 to 3 10 jig; 

FIG. 28 is a plot of calculated and experimental MMD versus compound mass in 
the range of 10 to 310 jag; and 

FIG. 29 is a plot of the theoretical size (diameter) of an aerosol as a function of 
the ratio of the vaporized compound to the volume of the mixing gas. 
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DETAILED DESCRIPTION 

In the method and device of the present invention, compounds with real or 
potential physiological activity can be volatilized without medicinally significant 
5 degradation and the resulting vapors controlled to form aerosols with particle sizes useful 
for the administration of the compound to a patient. 

In the preferred embodiments of the present invention, compounds are volatilized 
into vapors avoiding medicinally-significant degradation and thus maintaining acceptable 
compound purity by the steps of (1) heating the physiologically active compound to a 
!M 10 temperature for a limited time and (2) under the conditions of step (1), simultaneously 

m passing a gas across the surface of the compound. 

Jfi As described previously in the BACKGROUND OF THE INVENTION section, 

it is often difficult to predict the susceptibility to, and the mechanisms and conditions of 
chemical degradation for a compound of pharmaceutical potential. As a rule, therefore, 
1 5 such compounds are typically protected from temperatures above room temperature. 
However, vaporization is slow at low temperatures as evidenced by the rapid decline in 
the equilibrium vapor pressure as a compound's temperature decreases below its boiling 
point. The plot in FIG. 25 of the vapor pressures for a number of compounds shows that 
a small decrease in temperature below the boiling point results in a large drop in vapor 
20 pressure. At temperatures roughly 200°C below the compound's boiling point, the vapor 
pressure is between 25 and 50 mm of Hg. A vapor pressure of 50 mm Hg implies that the 
ratio of the volumes of the compound vapor to the atmospheric gases above the liquid 
compound is 50/760. 

In view of the foregoing, vaporization has not previously been viewed as a 
25 reasonable mechanism for the delivery of most pharmaceutical compounds. In fact, it is 
common practice to create a form of a medicinal compound that is chemically and 
physically stable at room temperature to-deter vaporization. This can be accomplished by 
creating a salt, which has a higher melting point and boiling point than the parent 
molecule. 
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The present invention, however, makes vaporization a practical delivery method 
in part, by utilizing a flow of gas across the surface of the compound, to create a dynamic 
situation in which a compound's vapor molecules are swept away from its surface, 
driving the chemical equilibrium process towards further vaporization. For many 
compounds, this method creates a practical rate of vaporization with only moderate 
heating. Thus, 1 mg of nicotine, (boiling point of 247°C/745 mm), for example, was 
observed to vaporize around 130°C in less than 2 seconds with a laboratory device of the 
present invention described in detail in the EXAMPLES below. Similarly, fentanyl, 
which decomposes rapidly at 300°C before reaching its boiling point, was vaporized in 
quantities up to 2 mg at temperatures around 190°C. Vaporization can therefore be 
accomplished with the embodiments of this invention at practical rates, i.e., in the range 
of about 0.5 to about 2 mg/second, and at temperatures much below the compounds' 
boiling points. The ability to vaporize at these reduced temperatures provides a means to 
lower rates of degradation reactions in many compounds. 

However, even these lower temperatures noted above could lead to significant 
decomposition for some compounds, so the ability of the present invention to also limit 
the time during which the compound is exposed to an elevated temperature is also 
critical. Limiting the exposure time of a compound to temperature is accomplished by 
rapid heating of a thin film of a deposited compound followed by immediate cooling of 
the compound vapors as they enter a carrier gas stream. In the preferred embodiments, 
the compound is moved quickly through a heating/mixing zone to facilitate a rapid 
temperature rise on the order of 2,000°C/second. Compounds thus reach vaporization 
temperatures in ten's of milliseconds. Under these conditions, compound molecules 
quickly escape as vapors from thin layers of deposited compound, and move into a cool 
carrier gas stream that flows across the surface of the compound. The vapor molecules, 
thus quickly created, lose their thermal energy when they collide with molecules of the 
cooler carrier gas. 

The method of the present invention, which uses rapid heating to reach 
vaporization temperatures of compounds, and after vaporization, rapid cooling of the 
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vapor, has been shown to be significant in reducing decomposition, one of the obstacles 
to generating the desired aerosol. Lipophilic substance # 87, for example, decomposed 
by more than 90% when heated at 425°C for 5 minutes, but only 20 % when the 
temperature was lowered to 350°C. Decomposition was lowered further to about 12% 
5 when the time was decreased to 30 seconds, and to less than 2% when the time was 

decreased to 10-50 milliseconds. Similarly, 100% of a fentanyl sample decomposed when 
heated to 200°C for 30 seconds, but decreased to 15 -30% decomposition when fentanyl 
was heated to 280°C for 10 milliseconds. When fentanyl was vaporized using the 
laboratory device, which minimized the vaporization temperature and limited the 

1^ 1 0 exposure time to that temperature, no medicinally significant decomposition (<0. 1 %) was 

M observed. 

a 

yl After a compound has been vaporized, the method of this invention also 

H 
M 

I: 



overcomes the second obstacle to generating the desired aerosol by controlling the 



4H generated compound vapors so that an aerosol is formed that (1) is comprised of particles 

H 

4 1 5 within a desired size range and (2) these particles are sufficiently stable so they will 



retain their sizes within that range during the time necessary to administer the aerosol to a 



jfi patient. Particle size is usually expressed as the equivalent diameter of a spherical 



£*. particle with the same physical behavior. The range of particle sizes in an aerosol is 

most often described by its mass median diameter (MMD) or mass median aerodynamic 
20 diameter (MMAD), and its geometric standard deviation (GSD). As the size of the 
particles is changed, the site of deposition within the lung can be changed. This can 
allow targeting of the site of deposition of the compound in the lung and airways. 

The method of the present invention forms an aerosol with particles of a desired 
size range and stability by applying the principle that particle growth can be predicted 
25 from the number concentration of the particles in a given volume. In high concentrations, 
particles frequently collide and adhere to each other. Such a collision and adhesion event 
(aggregation) creates one particle from two smaller ones. In a population of particles in 
an aerosol, these events lead to an increase in mean particle size and a decrease in 
number concentration. The frequency of collisions among particles then decreases, since 
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there are fewer particles available and because the remaining larger particles move more 
slowly. As a consequence, the rate of particle size growth slows. (See "Aerosol 
Technology 5 ' W. C. Hinds, second edition 1999, Wiley, New York) The term "stable 
particle size" can be applied in a practical sense when particle size growth has slowed 
sufficiently to ensure the purpose of the application. For the purposes of drug delivery by 
inhalation, a stable particle would be one that exists in the ultra fine or fine size range for 
the 1 to 3 seconds required for a typical inhalation. 

In accordance with the present invention, a particle of the ultra fine or fine size 
range is produced that is stable for several seconds. Also in accordance with the present 
invention, a predetermined amount of compound in its vapor-state can be mixed into a 
predetermined volume of a carrier gas in a ratio to give particles of a desired size as the 
number concentration of the aerosol itself becomes stable. As detailed below, a stable 
number concentration is approximately 1 0 9 particles/cc. 

The method of the present invention forms the aerosol with particles of a desired 
size range and stability by controlling the rate of vaporization, the rate of introduction of 
a carrier gas, and the mixing of the vapors and the carrier gas, thereby manipulating the 
parameters that govern the physical processes of a compound's condensation and particle 
aggregation. 

Controlling the ratio of the vaporized compound to the volume of mixing air can 
be done by a number of methods including: (a) measuring the quantity and regulating the 
flow rate of the mixing air; and/or (b) regulating the vaporization rate of the compound, 
e.g. changing the energy transferred to the compound during the heating process or 
changing the amount of compound introduced into a heating region. As the size of the 
particles is changed, the site of deposition within the lung can be changed. This can 
allow targeting of the site of deposition of the compound in the lung and airways. 

A desired particle size is achieved by mixing a compound in its vapor-state into a 
volume of a carrier gas, in a ratio such that when the number concentration of the mixture 
reaches approximately 10 9 particles/ml, a "stable" particle size is present. The amount of 
compound and the volume of gas are each predetermined to achieve this ratio. 
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FIG. 23 shows the time in seconds it takes for the number concentration of an 
aerosol to aggregate to half of its original value as a function of the particle 
concentration. It is a plot of theoretical data calculated from a mathematical model (See 
Hinds). For example, a 1 .0 mg vaporized dose of a compound with a molecular weight 
5 of 200 that is mixed into 1 liter of air will have approximately 3 x 10 18 molecules 
(particles) in the liter. This results in a number concentration of 3 x 10 15 /cc. 
Extrapolating from FIG. 23, one can see that the time required for the number of particles 
to halve in this example is less than 10 microseconds. This demonstrates that to insure 
uniform mixing of the vaporized compound, the mixing must happen in a very short time. 

10 Even if the compound is allowed to aggregate in size (for example to 12 nm in diameter), 
the number concentration is still 1 x 10 12 particles/cc, and the time required for the 
number of particles to halve is still about 1 millisecond. FIG 23 also shows that when the 
number concentration of the mixture reaches approximately 10 9 particles/cc, the particle 
sized will be "stable" for the purpose of drug delivery by inhalation. 

15 FIG. 23 is for an aerosol having a Coagulation Coefficient (K) of 5 x 10" 16 

meters 3 /second. This K value corresponds to a particle size of 200 nm. As the particle 
size changes, so can its K value. Table 1 below gives the K values for various particle 
sizes. As K increases, the time required for the aerosol to aggregate from a particular 
particle size to a larger particle size is reduced. As can be seen from Table 1 and FIG. 24, 

20 when the particle is in the ultra fine region, as defined in the BACKGROUND OF THE 
INVENTION section, the effect of a changing K value tends to accelerate the coagulation 
process towards 100 nm in size. In calculating the stability of an aerosol's particle size, 
the size of the particle affects its stability. Smaller particles in this region will tend to 
aggregate faster than the larger sized particles. Therefore, the stability of particle size in 

25 the ultra fine range is not linear with dose size. In the fine particle size range, K remains 
fairly constant. Thus, the stability of particle size can be calculated from the dose size 
alone and consideration of particle size on the aggregation procession is unnecessary. 
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Table 1 



Particle size (diameter in nm) 


Coagulation Coefficient (x e' 




meters 3 /second) 


1 


3.11 


5 


6.93 


10 


9.48 


20 


11.50 


50 


9.92 


100 


7.17 


200 


5.09 


500 


3.76 


1000 


3.35 


2000 


3.15 


5000 


3.04 


10000 


3.00 



In creating an aerosol of a particular particle size, the ratio of mass of vaporized 
compound to the volume of the mixing gas is the controlling condition. By changing this 
ratio, the particle size can be manipulated (see FIG. 29). However, not all compounds 
and not all gases, with the same ratio will result in the same particle size distribution 
(PSD). Other factors must be known to be able to accurately predict the resultant particle 
size. A compound's density, polarity, and temperature are examples of some of these 
factors. Additionally, whether the compound is hydrophilic or hydrophobic will affect 
the eventual particle size, because this factor affects an aerosol's tendency to grow by 
taking on water from the surrounding environment. 

In order to simplify the approach used to predict the resulting particle size, the 
following assumptions were made: 



SFO 4041321 v!4 



13 



1 . The compound is non polar (or has a weak polarity). 

2. The compound is hydrophobic or hydrophilic with a mixing gas that is 

dry. 

3. The resultant aerosol is at or close to standard temperature and pressure. 

4. The coagulation coefficient is constant over the particle size range and 
therefore the number concentration that predicts the stability of the particle size is 
constant. 

Consequently, the following variables are taken into consideration in predicting 
the resulting particle size: 

1 . The amount (in grams) of compound vaporized. 

2. The volume of gas (in cc's) that the vaporized compound is mixed into. 

3. The "stable" number concentration in number of particles/cc. 

4. The GSD of the aerosol. 

Predicting the particle size would be a simple matter for a given number 
concentration and amount of the compound, if the GSD is 1. With a GSD of 1, all of the 
particle sizes are the same size and therefore the calculation of particle size becomes a 
matter of dividing a compound's mass into the number of particles given by the number 
concentration and from there calculating the particle size diameter using the density of 
the compound. 

The problem becomes different though if the GSD is other than 1. As an aerosol 
changes from a GSD of 1 to a GSD of 1.35, the mass median diameter (MMD) will 
increase. MMD is the point of equilibrium where an equal mass of material exists in 
smaller diameter particles as exists in larger diameter particles. Since total mass is not 
changing as the GSD changes, and since there are large and small particles, the MMD 
must become larger as the GSD increases because the mass of a particle goes up as the 
cube of its diameter. Therefore larger particles, in effect, carry more weight so the MMD 
becomes larger to "balance" out the masses. 

To determine the effect of a changing GSD, one can start with the formula for the 
mass per unit volume of an aerosol given a known MMD, GSD, density, and number 
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concentration. The formula is from Finlay's "The Mechanics of Inhaled Pharmaceutical 
Aerosols" (2001, Academic press). Formula 2.39 states that the mass per unit volume of 
an aerosol is: 

M=( P Nti/6) (MMD) 3 exp[-9/2(lnag) 2 ] 

5 Where: p=density in gm/cc 

N=Number concentration in particles/cc 
MMD = mass median diameter (in cm) 
CT g = the GSD 

M = the mass per unit volume of the aerosol in gms/cc 
10 If the change in the MMD is considered as an aerosol changes from one GSD to 

another, while the density, number concentration, and the mass remain unchanged the 
following equality can be set up: 

pNn/6 (MMDi) 3 exp[-9/2(lna gl ) 2 ]=pN7i/6 (MMD 2 ) 3 exp[-9/2(lnag2) 2 ] 

simplifying: 

1 5 (MMDi) 3 exp[-9/2(lna gl ) 2 ]=(MMD 2 ) 3 exp[-9/2(lnag2) 2 ] 

Or 

(MMD0 3 /(MMD 2 ) 3 = exp[-9/2(lnag2) 2 ]/ exp[-9/2(lna g i) 2 ] 
If one sets the GSD of case 1 to 1.0 then: 
exp[-9/2(lna g i) 2 =l 

20 And therefore: 

(MMD 1 /MMD 2 ) 3 = exp[-9/2(lnag2) 2 ] 
Or: 

MMD]/MMD 2 = exp[-3/2(lna g2 ) 2 ] 

It is advantageous to calculate the change in the MMD as the GSD changes. 
25 Solving for MMD 2 as a function of MMDi and the new GSD 2 yields: 

MMD 2 = MMDi/ exp^^lncr^) 2 ] for a a g i=l 
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To calculate MMDi, divide the compound's mass into the number of particles and 
then, calculate its diameter using the density of the compound. 

MMD t =(6C/pNV) 1/3 for an aerosol with a GSD of 1 

Where: C= the mass of the compound in gm's 

5 p=Density in gm/cc (as before) 

N=Number concentration in particles /cc (as before) 

V=volume of the mixing gas in cc 
Insertion of MMDi into the above equation leads to: 
MMD 2 = (6C/pNV7r) 1/3 /[ exp[-3/2(lnag2) 2 ], measured in centimeters. 

jje£<£ 

5* 10 A resultant MMD can be calculated from the number concentration, the mass of 

M 

&i the compound, the compound density, the volume of the mixing gas, and the GSD of the 

1»1 ii 

%i aerosol. 

- V In all of the embodiments of the present invention, an aerosol of the desired 



*H particle size range is created by controlling the volume of air (or other gas) within which 

L 1 5 the compound is allowed to aggregate. For creating ultra fine particles, a large ratio of 



l^- 



mixing gas tc compound vapor is used. In producing fine particles, it is necessary to 



m 

j|| reduce the volume of the initial mixing gas, which leads to an increase in the 



concentration of the compound, which in turn results in a greater particle size growth 
before a desired number concentration is reached and aggregation slows. When a stable 

20 particle size is reached in a smaller total volume, the mixture is then injected into the 
balance of the air. As referred to in some of the embodiments, this initial mixing stage 
can be, if needed, accomplished in the presence of an inert gas to reduce decomposition 
resulting from oxidation. 

It is important to recognize that an aerosol with a particle size of 100 nm will 

25 occupy a volume 8,000 times as large as an aerosol with a particle size of 2 microns with 
the same number concentration and with the same total dose. Because the present 
method will require vastly different volumes of mixing air depending on the particle size 
desired for different compounds and amounts to be delivered, the various embodiments 
of the present invention are of different physical sizes and geometries. 
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The required vaporization rate is different depending on the particle size one 
wishes to create. If the particle size is in the ultra fine region, then the compound, once 
vaporized, must be mixed, in most cases, into the largest possible volume of air. This 
volume of air is determined from lung physiology and can be assumed to have a 
5 reasonable upper limit of 2 liters. If the volume of air is limited to below 2 liters (e.g. 
500cc, unless the dose is exceedingly small, i.e., less that 50 /xg, too large a particle will 
result and optimum lung deposition will not be possible. 

In the ultra fine range, doses of 1-2 mg are possible. If this dose is mixed into 2 
liters of air, which will be inhaled in 1-2 seconds, the required, desired vaporization rate 
10 is in the range of about 0.5 to about 2 mg/second. A reasonable vaporization rate for 
ultra fine aerosols is about 1 mg/second for the embodiments of this invention. 

In the fine particle size region, there is no need for as large a volume of air as 
M possible. Until the establishment of the correct number concentration that makes a stable 

aerosol, a large volume of air is undesirable. Rapid mixing of the vaporized compound 



m 
m 



m 
Q 



15 into air needs to happen at the time of vaporization to minimize decomposition. As a 



0 result, the volume of mixing air and not the entire volume of air used to deliver the drug 

iii 

■<if to the lung is of chief concern 

The first embodiment of the present invention is shown in FIG. 1 and is the basic 
device through which the principles cited above have been demonstrated in the 
20 laboratory. This device is described in detail in the EXAMPLES. 

In the second embodiment of the present invention shown in FIG. 9, the use of a 
reduced airway cross section increases the speed of the air across the compound's surface 
to about 10 meters/second. If complete mixing is to happen within 1 millisecond then the 
distance the gas and vaporized mixture must travel to achieve complete mixing must be 
25 no longer than 10 millimeters. However, it is more desirable for complete mixing to 
happen before the compound has aggregated to a larger size, so a desirable mixing 
distance is about 1 millimeter or less. 

In the third embodiment of the present invention shown in FIGS. 10-13, an ultra 
fine aerosol is generated by allowing air to sweep over a thin film of the compound 
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during the heating process. This allows the compound to become vaporized at a lower 
temperature due to the lowering of the partial pressure of the compound near the surface 
of the film. 

The fourth embodiment shown in FIG. 14, the fifth embodiment shown in FIGS. 
5 15 and 16, and the seventh embodiment shown in FIG. 19 overcome a problem with 

certain compounds that react rapidly with oxygen at elevated temperatures. To solve this 
problem, the compound is heated in an expandable container (fourth embodiment), a 
small container housing under a vacuum or containing a small amount, e.g., about 1 to 
about 10 ml, of an inert gas (fifth embodiment). Once a compound is vaporized and 

N 10 mixed with an inert gas while the gaseous mixture is maintained at a temperature 

& 

£J sufficient to keep the compound in its vaporized state, the gaseous mixture is then 

ill 

J* J injected into an air stream. The volume of inert gas can also be re-circulated over the 

N surface of the heated compound to aid in its vaporization as shown in FIG. 16. In the 

'41 

%i seventh embodiment, the compound is introduced into the gas as a pure vapor. This 

jj^ 15 involves vaporizing the compound in an oven or other container and then injecting the 

ffl vapor into an air or other gas stream through one or more mixing nozzles. 

M| In the sixth embodiment shown in FIGS. 17-18, gas is passed through a first tube 

and over discrete substrate particles, having a large surface area to mass ratio, and coated 
with the compound. The particles are heated as shown in FIG. 17 to vaporize the 
20 compound, or the gas is heated and the heated gas vaporizes the compound as shown in 
FIG. 18. The gaseous mixture from the first tube is combined with the gas passing 
through second tube to rapidly cool the mixture before administering it to a patient. 

The eighth embodiment shown in FIG. 20 is a thermal gradient device that is 
similar to the preferred embodiment used in the laboratory experiments. This device also 
25 has a moving heating zone without any moving parts, accomplished by establishing a 
heat gradient that transverses from one end of the device to the other over time. As the 
heating zone moves, exposed portions of the compound are sequentially heated and 
vaporized. In this manner the vaporized compound can be introduced into a gas stream 
over time. 
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The ninth embodiment shown in FIGS. 21-22 is the screen device and is preferred 
for generating a fine aerosol. In this embodiment, air is channeled through a fine mesh 
screen upon which the drug to be administered to the patient has been deposited. 
The embodiments above can create aerosols without significant drug 
5 decomposition. This is accomplished while maintaining a required vaporization rate for 
particle size control by employing a short duration heating cycle. An airflow over the 
surface of the compound is established such that when the compound is heated and 
reaches the temperature where vaporization is first possible, the resulting compound 
vapors will immediately cool in the air. In the preferred embodiments, this is 

10 accomplished by extending the increased velocity and mixing region over an area that is 
larger than the heating zone region. As a result, precise control of temperature is not 
necessary since the compound vaporizes the instant its vaporization temperature is 
reached. Additionally because mixing is also present at the point of vaporization, cooling 
is accomplished quickly upon vaporization. 

1 5 Application of the present invention to human inhalation drug delivery must 

accommodate constraints of the human body and breathing physiology. Many studies of 
particle deposition in the lung have been conducted in the fields of public health, 
environmental toxicology and radiation safety. Most of the models and the in vivo data 
collected from those studies, relate to the exposure of people to aerosols homogeneously 

20 distributed in the air that they breathe, where the subject does nothing actively to 

minimize or maximize particle deposition in the lung. The International Commission On 
Radiological Protection (ICRP) models are examples of this. (See James AC, Stahlhofen 
W, Rudolph G, Egan MJ, Nixon W, Gehr P, Briant JK, The respiratory tract deposition 
model proposed by the ICRP Task Group, Radiation Protection Dosimetry, 1991; vol. 

25 38:pgs.l57-168). 

However, in the field of aerosol drug delivery, a patient is directed to breathe in a 
way that maximizes deposition of the drug in the lung. This kind of breathing usually 
involves a full exhalation, followed by a deep inhalation sometimes at a prescribed 
inhalation flow rate range, e.g., about 10 to about 150 liters/minute, followed by a breath 
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hold of several seconds. In addition, ideally, the aerosol is not uniformly distributed in 
the air being inhaled, but is loaded into the early part of the breath as a bolus of aerosol, 
followed by a volume of clean air so that the aerosol is drawn into the alveoli and flushed 
out of the conductive airways, bronchi and trachea by the volume of clean air that 
follows. A typical deep adult human breath has a volume of about 2 to 5 liters. In order to 
ensure consistent delivery in the whole population of adult patients, delivery of the drug 
bolus should be completed in the first 1-1 X A liters or so of inhaled air. 

As a result of the constraints placed on the various embodiments of the present 
invention due to their application in human inhalation drug delivery, a compound must be 
vaporized in a minimum amount of time, preferably no greater than 1 to 2 seconds. As 
discussed earlier, it is also advantageous, to keep the temperature of vaporization at a 
minimum. In order for a compound to be vaporized in 2 seconds or less and for the 
temperature to be kept at a minimum, rapid air movement, in the range of about 10 to 
about 120 liters/minute, needs to flow across the surface of the compound. 

The following parameters are imposed in carrying out the best mode of the 
present invention, due to human lung physiology, the physics of particle growth, and the 
physical chemistry of the desirable compounds: 

(1) The compound needs to be vaporized over approximately 1 to 2 seconds for 
creation of particles in the ultra fine range. 

(2) The compound needs to be raised to the vaporization temperature as rapidly as 
possible. 

(3) The compound, once vaporized, needs to be cooled as quickly as possible. 

(4) The compound needs to be raised to the maximum temperature for a minimum 
duration of time to minimize decomposition. 

(5) The air or other gas needs to be moved rapidly across the surface of the 
compound to achieve the maximum rate of vaporization. 
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(6) The heating of the air or other gas should be kept to a minimum, i.e., an 
increase of temperature of no greater than about 15°C above ambient. 

(7) The compound needs to be mixed into the air or other gas at a consistent rate 
to have a consistent and repeatable particle size. 

(8) As the gas speed increases across the compound being vaporized, the cross 
sectional area through the device needs to decrease. Additionally as the surface area of 
the compound increases the heating of the gas increases. 

The parameters of the design for one of the preferred embodiments shown in 
FIGS. 2-5, 7 and 8 are the result of meeting and balancing the competing requirements 
listed above. One especially important requirement for an ultra fine aerosol is that a 
compound, while needing to be vaporized within at least a 1 -second period, also needs to 
have each portion of the compound exposed to a heat-up period that is as brief as 
possible. In this embodiment, the compound is deposited onto a foil substrate and an 
alternating magnetic field is swept along a foil substrate heating the substrate such that 
the compound is vaporized sequentially over no more than about a one second period of 
time. Because of the sweeping action of the magnetic field, each segment of the 
compound has a heat-up time that is much less than one second. 

In the embodiment noted directly above, the compound is laid down on a thin 
metallic foil. In one of the examples set forth below, stainless steel (alloy of 302, 304, or 
316) was used in which the surface was treated to produce a rough texture. Other foil 
materials can be used, but it is important that the surface and texture of the material is 
such that it is "wetted" by the compound when the compound is in its liquid phase, 
otherwise it is possible for the liquid compound to "ball" up which would defeat the 
design of the device and significantly change the volatilizing parameters. If the liquid 
compound "balls" up, the compound can be blown into and picked up by the airflow 
without ever vaporizing. This leads to delivery of a particle size that is uncontrolled and 
undesirable. 

Stainless steel has advantages over materials like aluminum because it has a lower 

thermal conductivity value, without an appreciable increase in thermal mass. Low 
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thermal conductivity is helpful because heat generated by the process needs to remain in 
the immediate area of interest. 

Exemplary compounds that can be vaporized in accordance with the present 
invention include cannabinoid extracts from cannabis, THC, ketorolac, fentanyl, 
5 morphine, testosterone, ibuprofen, codeine, nicotine, Vitamin A, Vitamin E acetate, 
Vitamin E, nitroglycerin, pilocarpine, mescaline, testosterone enanthate, menthol, 
phencaramide, methsuximide, eptastigmine, promethazine, procaine, retinol, lidocaine, 
trimeprazine, isosorbide dinitrate, timolol, methyprylon, etamiphyllin, propoxyphene, 
salmetrol, vitamin E succinate, methadone, oxprenolol, isoproterenol bitartrate, 

he 

£ 10 etaqualone, Vitamin D3, ethambutol, ritodrine, omoconazole, cocaine, lomustine, 

p ketamine, ketoprofen, cilazaprol, propranolol, sufentanil, metaproterenol, pentoxapylline, 

ffl 

%l captopril, loxapine, cyproheptidine, carvediol, trihexylphenadine, alprostadil, melatonin, 

testosterone proprionate, valproic acid, acebutolol, terbutaline, diazepam, topiramate, 
pentobarbital, alfentanil HC1, papaverine, nicergoline, fluconazole, zafirlukast, 
4 15 testosterone acetate, droperidol, atenolol, metoclopramide, enalapril, albuterol, ketotifen, 



5? isoproterenol, amiodarone HC1, zileuton, midazolam, oxycodone, cilostazol, propofol, 

t y 

fSi nabilone, gabapentin, famotidine, lorezepam, naltrexone, acetaminophen, sumatriptan, 

bitolterol, nifedipine, phenobarbital, phentolamine, 13-cis retinoic acid, droprenilamine 
HC1, amlodipine, caffeine, zopiclone, tramadol HC1, pirbuterol, naloxone, meperidine 
20 HC1, trimethobenzamide, nalmefene, scopolamine, sildenafil, carbamazepine, procaterol 
HC1, methysergide, glutathione, olanzapine, Zolpidem, levorphanol, buspirone and 
mixtures thereof 

The present invention has unique advantages as a means of delivering drugs by 
inhalation to the human body. The FDA has expressed concern about airway 
25 hypersensitivity due to inhalation products (See G. Poochikian and CM. Bertha, 

"Inhalation drug product excipients controls: significance and pitfalls" presented at RDD 
VII, 2000). The method and device of the present invention are capable of delivering pure 
drug vapor to the lung without the simultaneous delivery of formulation ingredients, 
which oftentimes comprise a significant portion of the mass delivered to the patient when 
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other drug delivery methods and devices are utilized. Formulation ingredients often 
include propellants such as chlorofluorohydrocarbons, solvents such as ethanol, 
detergents such as Polysorbate 80, preservatives such as benzalkonium chloride or carrier 
particles such as lactose. The present invention has the advantage of not introducing such 
5 excipient molecules into the delicate tissues of the lungs. The ability to deliver pure drug 
is especially advantageous for drugs that must be administered chronically. This 
invention allows for the administration of water insoluble drugs to a mammal without the 
need for excipients or injection. This can be advantageous in treating diseases of the eye, 
mucosa, skin and broken-skin. 
]tf 1 0 Another advantage comes from the ability of the present invention to produce an 

jSj ultra fine aerosol. Approximately 50,000 times as many particles exist within a volume 

ill of ultra fine aerosol as exists in the same mass of a fine aerosol. Since each particle 

\ j. deposits on the membrane of the lung, a correspondingly greater number of deposition 

^| sites are created in the lungs and at each site less material has to be dissolved and 

t 1 5 transported into the blood stream. This may be important for improving the rate of 

N 

p<l absorption and thus the bioavailabilty of compounds, e.g., lipophilic compounds, and 

! j| large molecules such as proteins, peptides and DNA. It is suspected that a portion of 



i 

fa 



some drugs that have a slow absorption rate from the peripheral airways are assimilated 
by macrophages before they can be absorbed, leading to a low bioavailability despite 
20 efficient deposition. Increasing absorption rate through deposition of ultra fine particles 
would thus be advantageous. 

EXAMPLES 

The following examples further illustrate the method and various embodiments of 
the present invention. These examples are for illustrative purposes and are not meant to 
25 limit the scope of the claims in any way. 
EXAMPLE 1 

In this example, the laboratory embodiment of the device of this invention, 
referred to as Absorption/Distribution/Metabolism/Excretion (ADME) device 1, was 
designed to deliver an experimental dose of fentanyl between 20 fig and 500 jig, in a 
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range of ultra fine particle sizes, in about 800 cc of air to a 10 kg dog. The lung volume 
of each dog under experimentation was approximately 600-700 cc and the device was 
designed to deliver the compound to the lung in the first half of the inhalation. Because 
of the value of these parameters, ADME device 1 can be considered a l A scale device for 
5 administering a dose to a human. It is believed that scaling the device to work for human 
subjects involves mainly increasing the airflow through the device. 

In this embodiment, representing one of the preferred embodiments of the present 
invention, the two main obstacles, decomposition and particle size control, as noted 
above, were addressed by moving a substrate that had the compound deposited on it into 

10 a heating/vaporization/mixing zone. The substrate material, which had been chosen in 
part for its electrical and thermal properties, was moved into an alternating magnetic 
field, which also coincided with a region of restricted cross-sectional area and mixing 
geometry. The alternating magnetic field induced an electrical current in the substrate 
and because of the substrate's electrical resistance resulted in a rapid temperature rise, 

15 which in turn vaporized the compound. The temperature rise occurred in a region where, 
because of the restriction of the cross- sectional area of the air channel, there was an 
increase in the air speed across the surface of the compound. The increased airflow acted 
to "sweep" away any compound vapors above the film of compound, which in turn 
lowered the partial pressure of the compound and increased the rate of vaporization. 

20 Additionally, the temperature rise was also in a region where the geometry of the 

passage had been designed to promote rapid mixing of the vaporized compound into the 
air. This rapid mixing helped overcome the two noted obstacles in two ways. First, 
because of the rapid mixing there was a more uniform distribution of the compound into 
the air. This gave rise to a small distribution of particle sizes, which in turn insured a 

25 consistent and small particle size. Second, because rapid mixing occurred, the vaporized 
compound was rapidly cooled by exchange of its kinetic energy with kinetic energy of 
the cooler carrier air; which reduced decomposition. 

The time frame of the introduction of the compound into the heating/ 
vaporization/mixing zone was designed to vaporize the compound into a volume of air 
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that was suitable for both the volume required by lung anatomy (600-700cc) for the dog 
and the volume needed to control the ratio of the compound to the air, and thereby to 
control particle size. In other words, some of the functional limits for this device were 
defined by lung capacity as well as the requirements for dilution of the aerosol. Lung 
capacity limits the total amount of drug that can be suspended in the inhaled air at a given 
concentration. 

The ADME device 1 as shown in FIG. 1 is operably connected to flow meter 4. In 
this example a TSI 4100 flow meter was used as the flow measuring equipment. The 
readings from flow meter 4 were fed to the electronics within chassis 8 shown in FIG. 2. 
It is noted that flow meter 4 is shown in FIG. 1 within a dotted line to indicate housing 
10. For a practical device used to administer a drug to human patients, a flow meter will 
be included within a handheld housing. Device controller 20 includes Chembook model 
# N30W laptop computer having actuator switch 22 (FIG. 3) and National Instruments 
I/O Board (model #SC2345) that interfaces with computer 20 to control ADME device 
1 and to control the recording of all data collected during the experiments. A software 
program to carry out these functions was developed using National Instruments' Lab view 
software program. Connection between device 1 and the I/O board was accomplished 
with a DB25 cable (not shown). A standard "off the shelf Condor F15-15-A+ power 
supply (not shown) delivered power to device 1. Inhalation controller 30 was used to 
control the rate and volume of inhalation through device 1 into the anesthetized dog 
through an endotracheal tube 34. Controller 30 had a programmable breath hold delay, at 
the end of which, exhaust valve 40 in exhaust line 42 opened and the dog was allowed to 
exhale. Filter 50 in line 42 measured the amount of exhaust and its composition to 
monitor any exhaled drug. The source air through inlet line 54, inlet valve 58, flow meter 
4 and inlet orifice 59 was from a compressed air cylinder (not shown). 

Now referring to FIGS. 3-5 and 7, the dose of compound 60 was deposited onto 
thin, stainless steel foil 64 so that the thickness of compound 60 was less than 10 
microns. In most cases, compound 60 was deposited by making a solution of the 
compound with an organic solvent. This mixture was then applied to the foil substrate 
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with an automated pump system. The size of the entire foil 64 was 0.7 by 2.9 inches and 
the area in which compound 60 was deposited was 0.35 by 1 .6 inches. 

Stainless steel (alloy of 302 or 304) foil 64 having a thickness of 0.004 inches was used 
for foil 64. Other foil materials can be used but stainless steel has an advantage over other 
5 materials like aluminum in that it has a much lower thermal conductivity value, while not 
appreciably increasing the thermal mass. A low thermal conductivity is helpful because 

the heat generated in foil 64 should stay in the area of interest, i.e. the 
heating/vaporization zone 70. Foil 64 needs to have a constant cross section, because 
without it the electrical currents induced by the heater will not be uniform. 

10 Foil 64 was held in frame 68, made so that the trailing edge of foil 64 had no lip 

on movable slide 78 and so compound 60, once mixed with the air, was free to travel 
downstream as seen in FIG. 7. Frame 68 was made of a non-conductive material to 
withstand moderate heat (200°C) and to be non-chemically reactive with the compound. 
The material for frame 68 was Delrin AF, a copolymer of acetal and Teflon. 

15 Sub-assembly 80 shown in FIG. 7 consists of frame 68 having foil 64 mounted 

therein and with compound 60 deposited on foil 64. Sub-assembly 80 was secured within 
movable slide 84 by setting each of the downstream ends of frame 68 that were tapered to 
abut against small rods 86 protruding from each downstream end of slide 78, as shown in 
FIG. 7. Slide 78 was driven by stepper motor 88 that moved sub-assembly 80 containing 

20 compound 60 along the axis of device 1. This, in turn, moved stainless steel foil 64 
through an alternating magnetic field. It is preferable for the magnetic field to be 
confined within heating/vaporization zone 70 as in this laboratory embodiment. Ferrite 
90 was used to direct the magnetic field and was placed approximately 0.05 inches below 
foil 64. In this laboratory embodiment designed to achieve the optimum results, heated 

25 area 70 was approximately 0.15 by 0.4 inches, with the smaller dimension along the 
direction of travel from left to right, i.e. from the upstream to the downstream ends of 
device 1, and the large dimension across the direction of travel, i.e., the width of device 1. 

Stainless steel foil 64 functions as both a substrate for the drug to be delivered to 
the subject and the heating element for the vaporization of the drug. Heating element 64 

26 

SFO 4041321 vl4 



was heated primarily by eddy currents induced by an alternating magnetic field. The 
alternating magnetic field was produced in ferrite toroid 90 with slit 94, which was 
wrapped with coil 98 of copper magnet wire. For this preferred embodiment, a ferrite 
toroid from the Fair-Rite Company was used. The slit was 0. 10 inch wide. When an 
alternating current was passed through coil 98, an alternating magnetic field was 
produced in ferrite 90. A magnetic field filled the gap formed by slit 94 and magnetic 
field fringe lines 100 extended out from the toroid. The magnetic field line fringes 
intersected stainless steel heating element 64. When using a ferrite core, the alternating 
frequency of the field was limited to below 1 MHz. In this laboratory device, a frequency 
between 100 and 300 kHz was used. As alternating magnetic field lines 100 pass through 
foil 64, an alternating electric field was induced following Faraday's Law of Induction. 
The electric field caused eddy currents in the foil according to Ohm's law. The current 
moving through the intrinsic resistance of the foil generated the heat. 

It is important to consider skin depth when inductively heating thin foils. If skin 
depth is much greater that the thickness of the foil, the magnetic field will pass through 
the foil and induce little heating. For a given frequency and material, the skin depth of a 
magnetic field can be determined using Formula #3 below: 



Addison Wesley 1964) 

Where: e 0 is the permittivity of free space (8.85 x 10* 12 farad/meter) 

c is the speed of light (3 x 10 8 meters/second) 

a is the conductivity of the foil (1.38 x 10 6 1 /ohm-meters for 
stainless steel) 

co is the frequency of the alternating magnetic field in 
radians/second. 




(Ref. The Feynman Lectures on Physics, vol. 2, pg. 32-1 1 
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The thicker the stainless steel foil used, the better the coupling of the magnetic 
field into the foil. However, more energy is needed to achieve a given temperature rise. 
Therefore, for a practical implementation of the device described above, a number of 
factors must be considered. First, the very thin foils that require less energy to raise them 
to a given temperature are less able to absorb the magnetic field due to the skin effect. 
Second, the ferrite is limited in its ability to conduct magnetic flux. The ferrite has both a 
saturation limit and internal power loses due to magnetic hysteresis. Foil thickness, 
ferrite material properties and geometry and operating frequency must be traded off to 
optimize the transfer of energy from the magnetic components to the foil. 

The location and geometry of the eddy currents are also important since they 
determine where foil 64 will be heated. Since magnetic field fringe lines 100 pass 
through foil 64 twice, once leaving ferrite toroid 90 and once returning, two rings of 
current were produced, and in opposite directions. One of the rings was formed around 
magnetic field lines 100 that leave toroid 90 and the other ring formed around magnetic 
field lines 100 that return to the toroid. The rings of current overlapped directly over the 
center of slit 94. Since they were in opposite directions, they sum together. The greatest 
heating effect was produced over the center of slit 94. 

Slide 84 and its contents, were housed in airway 102 made up of upper airway 
section 104 and lower airway 108 shown in FIG. 3. Upper airway section 104 was 
removable and allowed the insertion of movable slide 84 and then sub-assembly 80 of 
frame 78 and foil 64 with compound 60 on it and the removal of sub-assembly 80 after 
the dose had been administered. Lower airway section 108 was mounted on top of 
chassis 8 that housed the electronics, magnetic field generator 110, stepper motor 88 and 
position sensors (not shown). Mounted in upper airway section 104 was upstream 
passage 120 and inlet orifice 59 that coupled upper airway section 104 to flow meter 4. 
The readings from the flow meter 4 were fed to the electronics housed in chassis 8. 
Additionally, at the downstream end of airway passage 102 was outlet 124 connected to 
mouthpiece 126. Under test conditions, air was pulled through the mouthpiece 126 
through airway tube 102 and inlet orifice 59. During administration of compound 60 to 
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the dog, when joined to the system, air was forced through flow meter 4, inlet line 54, 
airway tube 102, and outlet 124 into the dog. 

Additionally, a pyrometer at the end of TC2 line 130 was located within airway 
102 and was used to measure the temperature of foil 64. Because of the specific 
5 geometry of ADME device 1, the temperature reading of foil 64 was taken after heating 
zone 70. Calibration of the thermal decay between heating zone 70 and the measurement 
area was required. Temperature data was collected and used for quality control and 
verification and not to control any heating parameters. A second temperature sensor was 
located at the end of TCI line 132 in outlet 124 and was used to monitor the temperature 
1^ 10 of the air delivered to the dog. 

13 In a preferred embodiment of the experimental device, removable airway section 

W 

yi 140 contained a restricted cross-sectional area along with specific mixing geometry 

; * mounted in upper airway section 104. In this preferred embodiment, airway 140 lowered 

$ the roof of upper airway section 104 to within 0.04 inch of foil 64. Additionally, airway 

/ 15 section 140 contained 31 steel rods (not shown) 0.05 inches in diameter. These rods were 

oriented perpendicular to the foil and extended from the "roof 5 , i.e., the top of upper 

M 

\\l airway section 104, to within 0.004 inches of the foil. The rods that were placed in a 



0 



staggered pattern had sharp squared off ends, which caused turbulence as the air was 
H draw around them. Rapid, highly turbulent movement of mixing air resulted, which 

20 assured complete mixing of the vapor with the air passing through the device. 

FIG. 9 schematically represents device 150, the second embodiment of the present 
invention, in which the cross-sectional area was also restricted along the gas/vapor 
mixing area. In this embodiment, venturi tube 152 within housing 10 having inlet 154, 
outlet 156 and throat 158 between inlet 154 and outlet 156 was used to restrict the gas 
25 flow through venturi tube 152. Controller 160 was designed to control the flow of air 
passing through valve 164 based on readings from the thermocouple 168 of the 
temperature of the air as a result of heater 166. 

Airway section 140 was located directly over heating zone 70 and created a 
heating/vaporization/mixing zone. Prior to commencing aerosol generation, slide 78 was 
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in the downstream position. Slide 78, with its contents, was then drawn upstream into 
this heating/vaporization/mixing zone 70 as energy was applied to foil 64 through the 
inductive heater system described in detail below. 

The device of the present invention can be equipped with an annunciating device. 
One of the many functions for the annunciating device is to alert the operator of the 
device that the compound is not being vaporized or is being improperly vaporized. The 
annunciating device can also be used to alert the operator that the gas flow rate is outside 
a desired range. Annunciating device 170 with on-off switch 174 is schematically 
represented in FIG. 6 for use with hand held device 180. During the use of device 180 in 
which the patient's inhalation rate controls the airflow rate, a signal from annunciating 
device 170 would alert the patient to adjust the inhalation rate to the desired range. In 
this case, controller 160 would be connected to annunciating device 170 to send the 
necessary signal that the flow rate was not within the desired range. 

The induction drive circuit 190 shown in FIG. 8 was used to drive the induction- 
heating element of ADME device 1. The purpose of circuit 190 was to produce an 
alternating current in drive coil 98 wrapped around ferrite core 90. Circuit 190 consisted 
of two P-channel transistors 200 and two N-channel MOSFET transistors 202 arranged in 
a bridge configuration. MOSFET transistors 200 and 202 connected to clock pulse 
generator 219 were turned on and off in pairs by D-type flip-flop 208 through MOSFET 
transistor drive circuit 210. D-type flip-flop 208 was wired in such a way as to cause the 
Q output of the flip-flop to alternately change state with the rising edge of the clock 
generation signal. One pair of MOSFET transistors 200 was connected to the Q output 
on D-type flip-flop 208 and the other pair, 202, is connected to the Q-not output of flip- 
flop 208. When Q was high (5 Volts), a low impedance connection was made between 
the D.C. power supply (not shown) and the series combination of drive coil 98 and the 
capacitor through the pair of MOSFET transistors 200 controlled by the Q output. When 
D-type flip-flop 208 changed state and Q-not was high, the low impedance connection 
from the power supply to the series combination drive coil 98 and capacitor 220 was 
reversed. Since flip-flop 208 changes state on the rising edge of the clock generation 
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signal, two flip-flop changes are required for one complete drive cycle of the induction- 
heating element. The clock generation signal was set at twice the resonant frequency of 
the series combination of drive coil 90 and capacitor 220. The clock signal frequency can 
be manually or automatically set. 

The following was the sequence of events that took place during each operation: 

1 . At the beginning of the run, the operator triggered inhalation controller 30 
to start monitoring data from pressure transducer 240 and input flow meter 4. 

2. Controller 30 signaled controller 20 to start ADME device 1 and to begin 
collecting data from the two temperature sensors and flow meter 4. 

3. After a pre-programmed delay, device 1 initiated the generation of the 
aerosol. (Note: there was a delay of about 0.4 seconds between the start of the controller 
30 and the start of aerosol generation.) 

4. After an independent preprogrammed delay (from original trigger signal), 
controller 30 opened input valve 58 to start forced inhalation to a dog under 
experimentation. 

5. Device 1 completed the aerosol generation during the inhalation. 

6. Controller 30 monitored flow meter 4 and pressure transducer 240 
throughout the inhalation and closed off flow at input valve 58 when a pre-specified 
volume or pressure was met. (Note: the pre-specified pressure is a safety feature to 
prevent injury to the subject animal. Termination of the breath at the pre-specified 
volume is the desirable occurrence of the experiment.) 

7. After a breath hold delay (5 seconds), exhaust valve 40 was opened and 
the dog was allowed to exhale. 

8. Exhaled aerosol was trapped on exhaust filter 40 for later analysis. 
Controller 30 recorded values for the following: volume dispensed, terminal pressure, 
duration of air pulse, and average flow rate. Controller 20 continuously recorded at 
millisecond resolution, input flow rate, exhaust flow rate, foil temperature, mouthpiece 
temperature, slide position, heater on/off time, and other internal diagnostic electrical 
parameters. 
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In Vivo Results of the ADME device 1 Embodiment 

Three weight-matched female beagle dogs received fentanyl at a 100 jig 
intravenous bolus dose. The same dogs received fentanyl UF for Inhalation (100 ^ig 
aerosolized and administered as two successive activations of an ADME device 1, 
containing approximately 50|ig fentanyl base) at a particle size of 80 nm (MMAD). The 
aerosol was administered to anesthetized dogs via the system schematically represented 
in FIG. 1, with a target delivered volume of 600-700 ml air, followed by a 5 second 
breath hold. After dosing, plasma samples for pharmacokinetic analysis were obtained at 
various time points from 2 min to 24 hr. Fentanyl remaining in the dosing and 
administration apparatus 1 was recovered and measured. Fentanyl concentrations were 
measured by using a validated GC method, with a limit of detection of 0.2 ng/ml. 

Plasma pharmacokinetics from this example was compared to intravenous (IV) 
fentanyl (100 ^ig) in the same dogs. Inhalation of fentanyl resulted in rapid absorption 
(Cmax , maximum concentration in plasma, 1 1.6 ng/ml and Tmax, maximum time, 2 
min.) and high bioavailability (84%). The time course of inhaled fentanyl was nearly 
identical to that of IV fentanyl. Thus, fentanyl UF for inhalation had an exposure profile 
that was similar to that of an IV injection. 

The use of fentanyl to demonstrate the utility of the preferred embodiment is 
significant for several reasons. First, the liver extensively metabolizes fentanyl. Thus, an 
oral dosage form of fentanyl would tend to be less effective because the drug must be 
absorbed from the gastrointestinal tract and then delivered to the liver. Either an IV dose 
or an inhalation dose of fentanyl travels directly from its site of entry, a vein in the case 
of an IV or to the lung in the case of the present invention, to the brain, its primary site of 
action, before it passes through the liver. The administration of fentanyl to patients is 
currently provided in several dosage forms: intravenous, transdermal and transmucosal. 
The latter consists of a matrix of fentanyl citrate on a stick (Actiq® oral transmucosal 
fentanyl citrate). The product literature provided for Actiq indicate that 25% of the dose 
is absorbed from the buccal mucosa while the remaining 75% is swallowed with the 
saliva and is then slowly absorbed from the gastrointestinal tract. About 1/3 of this 

32 

SFO 4041321vl4 



amount (25% of the total dose) escapes hepatic and intestinal first-pass elimination and 
becomes systemically available. Thus, a significant advantage of the delivery system of 
the present invention is that it provides a means for rapid absorption of drugs such as 
fentanyl into the blood system for delivery directly to the brain, without the use of 
needles or excipients and without being exposed to a first pass metabolism in the 
gastrointestinal tract or liver. 

Standard non-compartmental pharmacokinetic methods were used to calculate 
pharmacokinetic parameters for each animal. The maximum concentration in plasma 
(Cmax) and the maximum time it occurred (Tmax) were determined by examination of 
the data. The area under the plasma concentration vs. time curve (AUC) was determined. 
The bioavailability (F) of inhaled fentanyl was determined as: 

F= (DIV/DINHAL) * (AUCINHAL/AUCIV) 

Where D was the dose and AUC was the AUC determined to the last measurable 
time point. 

FIG. 26 plots the data obtained on the blood levels, by dog, for both the IV doses 
and the inhalation doses using device 1 as described above under Example 1. 

The fentanyl aerosol was rapidly absorbed, with the same Tmax (2 min, the 
earliest time point) observed for both routes of administration. The maximum plasma 
concentration of fentanyl aerosol (1 1.6 ± 1.9 ng/ml) was nearly two-thirds that of IV 
fentanyl (17.6 ± 3.6 ng/ml). Plasma concentrations fell below the assay limit of 
quantitation by 6-8 hr after IV administration and by 3-4 hr after aerosol inhalation. 
Bioavailability calculations were based on the AUC's observed to the last measurable 
time point for the inhalation administration. Bioavailability for the inhalation study was 
84% based on the nominal (uncorrected) fentanyl dose. 

The mean plasma elimination half-life was similar after IV (75.4 min) and 
inhalation dose. Distribution phase half-lives (3-4 min) were also similar after both routes 
of administration. The inter-animal variability of pharmacokinetic parameters after the 
inhalation dose was low, with relative standard deviations (RSD < 25%) lower than those 
observed for IV administration. 
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In Vitro Results: ADME Device 1 Embodiment 

Table 2 below summarizes the data collected from use of ADME device 1 for in 
vitro testing of fentanyl. Particle size was measured with a Moudi cascade impactor. 

Table 2 



Compound Mass 


Mixing air volume 


MMAD(nm) 


GSD 


(ug) 


(cc) 






20 


400 


71 


1.9 


25 


400 


72-78 


1.7-1.8 


50 


400 


77-88 


1.7-185 


100 


400 


100-105 


1.4-1.8 


200 


400 


103-123 


1.6-1.9 


300 


400 


140-160 


1.8-2.1 



FIG. 27 compares the MAD calculated value for a GSD equal to 1.35 and 1.60 to 
actual data on MAD summarized in Table 2 for ADME device. The distinction between 
MMAD (Mass Mean Aerodynamic Diameter; the diameter of a particle of unit density 
material that exhibits the same aerodynamic behavior as the measured aerosol) and MMD 
(Mass Mean Diameter; the diameter of a unit density particle) is ignored since the density 
of fentanyl is very close to 1 gm/cc. The calculated values for MMD are discussed above 
in section A of the DETAILED DESCRIPTION. 

The curves of FIG. 27 demonstrate a good correlation between the theoretical 
model based on the equations set forth earlier and actual data. Note that the theoretical 
prediction for small particles is less than the actual data. The reason, as stated earlier, is 
that when particle size becomes less than 80 nm the coagulation coefficient gets larger. 
As this happens a stable number concentration is reached at a lower number. If the 
calculation of MMD is redone with a number concentration of 0.5 xl0 9 /cc instead of 1.0 
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xl0 9 /cc, as used above, the curves shown in FIG. 28 result. As can be seen, the actual 
data fits the calculated data much better for the small particle sizes. 
EXAMPLE 2 

In this example, ADME device 1 was slightly modified and the flow rate changed, 
as discussed below, to make a fine aerosol in the 1 to 3 micron particle size range. 

Airway section 140 was removed and the air channel heating/vaporization zone 
70 was changed. An airway insert (not shown) had a "roof that was 0.25 inches above 
the foil. There were no mixing rods as rapid mixing was not desirable in this example. 
Because of these two device changes, there was much less mixing with the air, thus the 
vapor/aerosol cloud was mixed with less air and produced a larger particle size aerosol. 

The airflow rate was reduced from 15 liters/minute in Example 1 to 1 liter/minute 
in this example. Again, this allowed the vapor to be mixed with much less air, resulting in 
the larger particle size aerosol. 

Some operational problems with high compound loading on foil 64 in ADME 
device 1 were encountered. The compound tested, dioctyl phthalate (DOP), was an oil 
and during the aerosolization process, a substantial quantity was blown downwind and 
not aerosolized. Three additional design alternatives were made to address this issue, 
involving changes to the substrate surface that the compound was deposited on. In the 
three alternatives, the substrate was made to "hold" the compound through the use of 
texture. They were: 

a. Texturing the foil. 

b. Adding a stainless steel screen on top of the foil. 

c. Replacing the foil with a fine stainless steel screen 

The results from this example are set forth below in Table 3 below: 
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Table 3 




Substrate Type 


MMAD, microns 


GSD 


Emitted Dose, ug 


Textured foil 


1 .49 microns 


1.9 


97 


Textured foil 


2.70 microns 


1.95 


824 


Fine screen alone 


1.59 microns 


1.8 


441 


Fine screen alone 


1.66 microns 


1.8 


530 


Screen on Foil 


2.42 microns 


2.2 


482 



5 As shown above, a fine particle size can be made with ADME device 1 merely by 

changing the ratio of the compound to the mixing air. 
EXAMPLE 3 

In this example, device 300, the third embodiment of the present invention, is 
described in which a gas stream is passed into thin walled tube 302 having a coating 310 

1 0 of compound 60 on the inside of the tube as shown in FIGS . 10-11. The flow rate of the 
gas stream is controlled by valve 314. This is another example that allows for rapid heat- 
up using resistive heating system 320 while controlling the flow direction of the 
vaporized compound. After activating heating system 320 with actuator 330, current is 
passed along tube 302 in the heating/vaporization zone 340 as the carrier gas, e.g., air, N2 

1 5 and the like, is passed through tube 302 and mixes with the resulting vapor. Another 

advantage of thin walled tube device 300 is that if drug is splattered from the interior wall 
of the tube before it can be vaporized, the drug will impact the other side of the hot tube 
where it would be vaporized. FIG. 12 shows an alternative heating system to resistive 
heating system 320 used in connection the third embodiment shown in FIGS. 10-11. In 

20 this case, inductive heating system 350 consists of a plurality of ferrites 360 for 
conducting the magnetic flux to vaporize drug 310. 
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FIG. 13 shows the alternate to the third embodiment in which flow restrictor 370 
is mounted within thin-walled tube 302 by means of support 374 within a housing (not 
shown) to increase the flow of mixing gas across the surface of a compound. 

EXAMPLE 4 

In this example, device 400, the fourth embodiment of the present invention, is 
described. For this example, compound 60 is placed within expandable container 410, 
possibly a foil pouch, and is heated by resistance heater 420 upon being activated by 
actuator 430 as shown in FIG. 14. The vaporized compound generated is forced into 
container 410 through outlet passage 440 and mixed with the gas flowing through tube 
450. While rapid heating will in some instances preclude or retard decomposition, 
additional steps may need to be taken to lower amount of decomposition to an acceptable 
level. One of these steps is to remove or reduce the presence of oxygen during the heat up 
period, is accomplished in this example by sealing the small container housing the 
compound with no atmosphere or in an inert-gas atmosphere. 

EXAMPLE 5 

In this example; device 500, the fifth embodiment of the present invention is 
described in which the problem of the presence of oxygen during the heat-up period is 
also solved. Compound 60 is placed in an inert atmosphere or under a vacuum in 
container 502 within housing 10 and is heated by resistance heater 504 upon being 
activated by actuator 508 as shown in FIG. 15. Once compound 60 has become 
vaporized it can then be ejected through outlet passage 510 into the air stream passing 
through tube 520. 

FIG. 16 shows an alternative to the embodiment shown in FIG. 15 in which fan 
530 re-circulates the inert atmosphere over the surface of compound 60. The inert gas 
from a compressed gas cylinder (not shown) enters through inlet 540 and one-way valve 
550 and exits through outlet passage 510 into tube 520 as in the above example. 

EXAMPLE 6 

In this example, device 600, the sixth embodiment of the present invention is 
described in which compound 60 is deposited onto a substrate in the form of discrete 
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particles 602, e.g., aluminum oxide (alumina), silica, coated silica, carbon, graphite, 
diatomaceous earth, and other packing materials commonly used in gas chromatography. 
The coated particles are placed within first tube 604 sandwiched between filters 604 and 
608 and are heated by resistance heater 610 upon being activated by actuator 620 as 
shown in FIG. 17. The resulting vapor from tube 604 is combined with the air or other 
gas passing through second tube 625. 

FIG. 18 shows an alternative to the embodiment shown in FIG. 17 in which 
resistance heater 630 heats the air prior to passing through first tube 604 and over discrete 
particles 602. 

EXAMPLE 7 

If the decomposition of the compound is primarily caused by the presence of 
oxygen and not heat, and if the partial pressure of the compound is sufficient to produce 
the vaporization necessary at a temperature that does not produce decomposition, then an 
additional method of vaporization is possible. In device 700, the seventh embodiment of 
the present invention, compound 60 is deposited into chamber 710 and is heated by 
resistance heater 715 upon being activated by actuator 720 as shown in FIG. 19. Upon 
heating, some of compound 60 will vaporize and then become ejected from chamber 710 
by moving an inert gas entering housing 10 through inert gas inlet 725 and valve 728 and 
passing across the surface of compound 60. The mixture of inert gas and vaporized 
compound passes through passage 730 and is then mixed with a gas passing through tube 
735. 

In Vitro Test Results for Example 7 

A tank is partially filled witji DOP and placed inside an oven (not shown) having 
an inlet and an outlet. DOP was used as the test compound. The tank was purged with 
helium prior to heating the tank and its contents to a temperature of 350°C. Helium was 
pumped through the tank and used to carry the DOP vapor out of the outlet. The gaseous 
mixture of helium and vaporized compound 60 was introduced into different size mixing 
tubes through a nozzle. Each of the tubes had air moving through them at 14 
liters/minute. The nozzle was perpendicular to the flow direction. After this gaseous 
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mixture was mixed with the air, the resulting aerosol was introduced into a parallel flow 
diffusion battery for particle size analysis. Results are set forth in Table 4 below. 

Table 4 

Mixing tube size (ID) MMAD GSD 

4.8 mm 65 nm 1.3 

14 mm 516 nm 3.3 

As can be seen above, as the tube diameter became larger so did the particle size. 
Additionally, as the diameter became larger, the GSD also became larger. As the tube 
becomes larger, it is believed that the vaporized gas is introduced into a smaller segment 
of the mixing gas because the gas is being introduced as a point source leading to uneven 
mixing, which results in a large GSD, as discussed under the DETAILED 
DESCRIPTION heading above. 

EXAMPLE 8 

In this example, progressive heating is used during which multiple sections of a 
substrate are heated sequentially. The compound is deposited uniformly on the substrate. 
In order to subject the compound to rapid heat up, while at the same time not vaporizing 
the compound all at once, a movable heating zone is used. Compared to the entire 
surface area that the compound is laid down on, a relatively small heating area is 
generated in this example and moved, or "swept out" over the compound deposition area. 
A number of specific means for accomplishing this are described below. 

1 . Moving Heater Relative To Substrate 

A variety of heating methods can be used to heat the substrate upon which a 
compound has been deposited. A small zone in the substrate can be heated or only a 
segment of the substrate or portion of the compound can be directly heated. In the 
preferred embodiment described in Example 1 above, an inductive heater heating method 
was utilized, which heated a zone in the foil substrate. Regardless of the heating method, 
as long as only a small zone of the compound and/or the substrate is heated, it is possible 
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to move the heater relative to the substrate/compound. In the preferred embodiment, an 
inductive heating zone was induced in a conductive substrate that was in direct contact 
with the compound. The substrate was moved relative to this magnetic field, causing the 
compound to be locally vaporized. 
2. Thermal Gradient 

An alternative device for producing a moving heating zone was accomplished by 
device 800, the eighth embodiment of the present invention as shown in FIG. 20. Device 
800 is referred as the gradient heating device. In device 800, thermally conductive 
substrate 802 was heated by resistance heater 810 at the upstream end of tube 820, and 
the thermal energy was allowed to travel along substrate 802. This produced, when 
observed in a particular location, a heat up rate that was determined from the 
characteristics of the thermally conductive substrate. By varying the material and its cross 
sectional area, it was possible to control the rate of heat up. 

The source of the thermal energy can originate from a variety of other heating 
methods. A simple resistive heater 810 is shown. This resistive heater was embedded in 
substrate 802 at one end. However, it could be embedded into both ends, or in a variety 
of positions along the substrate and still allow the temperature gradient to move along the 
carrier and/or substrate shown in FIG. 20. 

To demonstrate effectiveness of a thermal gradient device, a 4-inch long piece of 
aluminum was fitted with a 150-watt cartridge heater at one end. The heater was powered 
with a variac AC power transformer. The thickness of the aluminum was designed to 
ensure that heat would transverse from one end of the aluminum to the other in 
approximately 30 seconds. 

On the topside of the aluminum, an indentation was machined to hold the 
compound and to hold one of two top covers. The indentation for the compound was 
approximately 3.5 inches long and 0.4 inches wide. The indentation was 0.025 inches 
deep, and was filled with 1 mg of DOP. 

The first top consisted of a sheet of flat glass placed 0.04 inches above the heated 
surface, creating an airway. At the exit end an outlet was fitted allowing the air to be 
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• # 

drawn into an analytical measurement device. Air was made to flow through the airway 
at a rate of 15 liters/minute. 

In the second configuration, the top was replaced with a half cylinder made of 
glass. This increased the cross sectional area of the airway by an order of magnitude. 

Particle size was measured with both configurations and shown to be affected by 
the cross sectional area of the airway. 

Results from the thermal gradient test are set forth in Table 5 below: 

Table 5 

Cover size and MMAD GSD 

cross- section 

Small 92 nm 1.4 

Big 650 nm unknown 

As shown above, the results confirm that as the cross section becomes larger, so 
does the particle size. 

3 . Discrete Heating Zones 

A third method established a set of heated zones, energized sequentially. The 
zones could be produced from any of the heating devices including a resistive heater as 
disclosed in Rosen, PCT Publication No. 94/09842, published May 11, 1994, the relevant 
portions of which are incorporated herein by reference. For example, a substrate could 
have three (3) sections A, B, C where section A is first heated until the compound have 
been vaporized followed by the section B, and then C. 

4. Inductive Heater, Vary Field To Heat Different Zones 

A fourth method involved heating a zone in a substrate with an inductive heater, 
and then by manipulating the magnetic field, causing the induced current in the substrate 
to move along the substrate. This was accomplished by a number of methods. One 
method was to use a ferrite with a saturation value such that, by increasing the electrical 
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field internal to the ferrite, the resultant magnetic field leaves the confines of the ferrite 
and enters a different area of the substrate. 

Another method involved constructing a ferrite with a shape that can be changed, 
such as opening up an air gap, and thereby changing the shape of the magnetic field. 

5. The Use Of Radiative Heating 

An additional method involved incrementally heating a substrate through the 
focusing and/or de-focusing of all forms of photon energy, especially in the visible and 
IR spectrum. 

EXAMPLE 9 

The ninth embodiment of the present invention is shown in FIGS. 21-22 as screen 
device 900. In device 900, air was channeled through a fine mesh metal screen 902 that 
had the drug deposited thereon. Rapid heating and/or rapid cooling, as stated above, can 
preclude decomposition. This example involves rapidly mixing a compound, once it has 
vaporized, into air. A thin (0.01 to 10 micron) layer of compound can be deposited onto 
fine mesh screen 902, e.g., 200 and 400 mesh screens were used in this example. Screen 
902 was positioned across airway passage 910. In this preferred embodiment for 
producing fine aerosols, airway passage 910 was constructed from 18 mm diameter glass 
tubing. However, the passage can be made in any shape with a comparable cross- 
sectional area and out of any suitable material. The screen size, mesh, and the amount of 
compound were chosen in this example so that a gas could pass through the screen 
without interference once the compound had been deposited on it. 

The two sides of the screen were electrically connected to charged capacitor 920 

through silicon-controlled rectifier (SCR) 922 to make a circuit. The charge of the 

capacitor was calculated and set at a value such that, when actuator 930 closed SCR 922, 

the energy from capacitor 920 was converted to a desired temperature rise in screen 902. 

Because the internal resistance of the screen was low, i.e., between 0.01 and 0.2 ohms, 

the discharge rate (the RC time constant) of the capacitor was rapid, and on the order of a 

few milliseconds, i.e. less than 20 milliseconds, preferably in the range of about 2 to 

42 

SFO 4041321 vl4 



about 10 milliseconds. Upon discharge of capacitor 902 and the subsequent heating of 
screen 902, the deposited compound was rapidly vaporized. Because air moved through 
screen 902, the vaporized compound rapidly mixed with air and cooled. 

The compound was deposited onto the fine stainless steel screen, e.g., 200 mesh, 
made from 316 stainless steel, having measurements of 2.54 cm. x 2.54 cm. The current 
from the capacitor was passed between one edge and another. It was not necessary to 
heat the screen to temperatures comparable to the thin foil in Example 1, because the 
compound vaporized at a lower temperature due to the rapid air movement. Rapid air 
movement allowed the compound to vaporize at a lower vapor pressure, since airflow 
constantly removed compound vapors from the surface as soon as they were formed. 
Thus, the compound vaporized at a lower temperature without decomposition. 

Deposition of the compound onto the screen was accomplished by mixing the 
compound with an organic solvent until the compound dissolved. The resulting solution 
was then applied to the fine stainless steel screen 902 and the solvent was allowed to 
evaporate. The screen was then inserted into holder 940 that electrically connected two 
sides of screen 902 to the power circuit described above. 

A 10,000 mF capacitor was discharged while the gas was passing through screen 
902. The rapid heat up of the screen resulted in a rapid vaporization of the compound 
into the gas. Thus the resulting vaporized compound was mixed into a small volume of 
the gas. Because the ratio of the mass of the compound to the volume of the mixing gas 
was large, a fine (1-3 micron diameter) particle aerosol was made. 

One of ordinary skill in the art can combine the foregoing embodiments or make 
various other embodiments and aspects of the method and device of the present invention 
to adapt them to specific usages and conditions. As such, these changes and 
modifications are properly, equitably, and intended to be, within the full range of 
equivalents of the following claims. 
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